a It has been shown that music might be able to improve mood state in people affected by psychiatric disorders, ameliorate cognitive deficits in people with dementia and increase motor coordination in Parkinson patients. Robust experimental evidence explaining the central effects of music, however, is missing. This study was designed to investigate the effect of music on brain neurotrophin production and behavior in the mouse. We exposed young adult mice to music with a slow rhythm (6 h/day; mild sound pressure levels, between 50 and 60 db) for 21 consecutive days. At the end of the treatment, mice were tested for passive avoidance learning and then killed for analysis of brain-derived neurotrophic factor (BDNF) and nerve growth factor with enzyme-linked immunosorbent assay (ELISA) in selected brain regions. We found that music-exposed mice showed increased BDNF, but not nerve growth factor in the hippocampus. Furthermore, we observed that music exposure significantly enhanced learning performance, as measured by the passive avoidance test. Our results demonstrate that exposure to music can modulate the activity of the hippocampus by influencing BDNF production. Our findings also suggest that music exposure might be of help in several central nervous system pathologies.
Investigating the neurobiology of music: brain-derived neurotrophic factor modulation in the hippocampus of young adult mice It has been shown that music might be able to improve mood state in people affected by psychiatric disorders, ameliorate cognitive deficits in people with dementia and increase motor coordination in Parkinson patients. Robust experimental evidence explaining the central effects of music, however, is missing. This study was designed to investigate the effect of music on brain neurotrophin production and behavior in the mouse. We exposed young adult mice to music with a slow rhythm (6 h/day; mild sound pressure levels, between 50 and 60 db) for 21 consecutive days. At the end of the treatment, mice were tested for passive avoidance learning and then killed for analysis of brain-derived neurotrophic factor (BDNF) and nerve growth factor with enzyme-linked immunosorbent assay (ELISA) in selected brain regions. We found that music-exposed mice showed increased BDNF, but not nerve growth factor in the hippocampus. Furthermore, we observed that music exposure significantly enhanced learning performance, as measured by the passive avoidance test. Our results demonstrate that exposure to music can modulate the activity of the hippocampus by influencing BDNF production. Our findings also suggest that music exposure might be of help in several central nervous system pathologies. 
Introduction
Music, used as a therapeutic intervention, seems to have a beneficial effect on different symptoms, such as pain (Siedliecki and Good, 2006) , anxiety and depression (Hanser and Thompson, 1994; Burns et al., 2002) and nausea (Ezzone et al., 1998) . Moreover, it has been observed that music has physiological effects on blood pressure, the cardiac heartbeat and respiration (Knight and Rickard, 2001 ). The physiological bases of these phenomena are not completely elucidated. Apparently it seems that music can exert physiological effects through the autonomic nervous system (Kemper and Danhauer, 2005) , but the factors directly involved are still unknown.
In recent years, music has been introduced as a treatment modality for a group of central nervous system (CNS) pathologies extending from disturbed behavior caused by senile dementia (Sung and Chang, 2005) to schizophrenic-like disorders (Gold et al., 2005) and Alzheimer's disease (Brotons and Marti, 2003) . Recent findings have reported a possible beneficial role of music in some neurological disorders, including Parkinson's disease (Haneishi, 2001 ) and cerebral ischemia (Noda et al., 2004) . A number of studies using animal models of cerebral trauma have demonstrated that, in an enriched environment combined with multimodal early onset stimulation (including music), the recovery of cerebral functions is greater than that observed in rats exposed to an enriched environment only and/or standard housing (Maegele et al., 2005) .
These experimental data indicate that exposure to music can influence brain function, probably through modulation of neurotransmitters and/or other neuronal mediators. This hypothesis is supported by data showing that Mozart's music may modulate dopamine release in the striatum in spontaneously hypertensive rats (Sutoo and Akiyama, 2004) and that loud music potentiates methamphetamine toxicity in mice (Morton et al., 2001) . Other studies in rodents also demonstrate that exposure to music, especially in prenatal and postnatal life, produces long-lasting changes in behavior, probably by modulating the activity of the hippocampus. Thus, music exposure has been reported to improve performance in maze learning in both rats (Rauscher et al., 1998) and mice (Aoun et al., 2005) and increase neurogenesis in the hippocampus of the developing rat brain (Kim et al., 2006) . Despite these results, robust experimental evidence explaining the central effects of music is missing.
The neurotrophins, brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF), are proteins produced in the peripheral and central nervous systems. They are involved in the growth, survival and function of CNS neurons (Weisenhorn et al., 1999) . BDNF and NGF are believed to be involved in several CNS pathologies, including Alzheimer's (Hock et al., 2000) and Parkinson's diseases (Sun et al., 2005) , schizophrenia and depressive disorders (Angelucci et al., 2004 (Angelucci et al., , 2005 . These proteins also play an important role in cerebral recovery after ischemic damage (Ferrer et al., 2001) and are able to stimulate neurogenesis in the hippocampus (Scharfman et al., 2005) and influence the behavioral performance of rats (Pelleymounter et al., 1996) .
Taken together, these findings indicate that neurotrophins might be involved in the mechanism accounting for some of the central effects of music. This hypothesis is further supported by a recent study demonstrating that exposure to music in the perinatal period enhances learning performance and alters BDNF/TrkB signaling in adult mice (Chikahisa et al., 2006) . To investigate whether music is able to modulate neurotrophin production in the adult brain, we exposed young adult mice to music with a slow rhythm (6 h/day; mild sound pressure levels, between 50 and 60 db) for 21 consecutive days and measured the levels of BDNF and NGF in the hippocampus and other brain regions. In addition, we analyzed behavioral performance in a passive avoidance task in mice exposed to music.
Methods

Subjects
Male BALB/c mice (Charles River, Italy) weighing B30 g and 40 days of age at the beginning of the experiments were used. The animals were acclimated for 5 days and had free access to water and food and were housed five per cage (plastic cages) under standard conditions of humidity, room temperature, and a 12-h light/dark cycle (lights on at 06.00 h.). The experiments were approved by the Local Ethical Committee on Animal Experiments and by the Italian Ministry of Health.
Treatments
Mice were exposed daily to music with a slow rhythm (new-age-type music, 6 h/day; mild sound pressure levels, between 50 and 60 db) for 21 consecutive days. Cages were placed at 1-m distance from a compact disk (CD) player. It was our intention to create an environment enriched by instrumental and ambient music recordings with no voices added. The music played was a compilation of new-age songs, including The Romantic Sea of Tranquillity, by Enya; The Heart of Reiki, by Merlin's Magic; Zen Garden, by Kokin Gumi; Feng Shui, by various artists. Control mice were placed in a similar room without music (ambient noise; B50 db). As mice are nocturnal animals, the music was played during the period they were active. Music was repeated continuously for 6 h from 18.00 to 24.00 h, so that the mice would not be disturbed in their sleep, as reported in other studies (Aoun et al., 2005; Chikahisa et al., 2006) . On days 20 and 21, the animals were tested in the passive avoidance task.
Passive avoidance task
Passive avoidance learning was carried out (from 09.00 h until 00.00 h) in identical illuminated and nonilluminated boxes. The illuminated compartment (20 Â 20 Â 20 cm 3 ) contained a 100 W bulb, and the floor of the nonilluminated compartment (20 Â 20 Â 20 cm 3 ) was composed of 2-mm stainless-steel rods spaced 1 cm apart. These compartments were separated by a guillotine door (5 Â 5 cm). Mice were subjected to a multi-trial acquisition session in foot-shock conditions followed 24 h later by a single-trial retest session without foot shock. The acquisition session consisted of a maximum of 10 trials. Each trial started by placing the experimental subject gently in the start compartment; this produced the immediate opening of the sliding door between the two compartments. A trial ended when the mouse stepped into the shock compartment with all four paws, which produced the closure of the sliding door, or after 120 s had elapsed without such a response. Each step-through response was punished by a 3-s foot-shock of nominal intensity set at 0.4 mA. At the end of each trial, mice were removed from the apparatus and left undisturbed for a 60-s intertrial interval in the home cage. The session ended when an animal had either remained in the illuminated compartment for 120 s for three consecutive trials or completed 10 trials without reaching the mentioned criterion. When a mouse reached the criterion before the 10th trial, a 120-s latency score was assigned to each of the trials omitted. For all animals, the retest session consisted of a single trial without foot shock. All efforts were made to minimize animal suffering and to limit the number of animals used.
Tissue dissection
On day 22, animals were decapitated (starting at 10.00 h); the brains were quickly removed and dissected on ice into hippocampus, striatum and frontal cortex, according to the method of Glowinski and Iversen (1966) , and immediately used for further processing. The brain regions were freehand and roughly dissected. Stereotaxic coordinates of the middle area of brain regions dissected were as follows: (i) striatum: bregma: 1.32 mm, lateral: 1.5 mm, ventral 2 mm; (ii) hippocampus: -2.75 mm, lateral: 1.5 mm, ventral 2.5 mm; (iii) frontal cortex: bregma: 1.32 mm, lateral: 1 mm, ventral 1 mm.
For determination of neurotrophins, all brain regions were extracted in 1 ml extraction buffer/100 mg tissue. Brain tissue samples were homogenized in ice-cold lysis buffer, containing 137 mmol/l NaCl, 20 mmol/l Tris-HCl (pH 8.0), 1% NP-40, 10% glycerol, 1 mmol/l phenylmethylsulphonyl fluoride 10 mg/ml aprotinin, 1 mg/ml leupetin, 0.5 mmol/l sodium vanadate. The tissue homogenate solutions were centrifuged with 14 000g for 5 min at 41C. The supernatants were collected and used for quantification of total protein and neurotrophin levels.
Brain-derived neurotrophic factor and nerve growth factor determination by enzyme-linked immunosorbent assay BDNF and NGF levels were assessed in the selected brain regions using a two-site enzyme immunoassay kit (Promega, Madison, Wisconsin, USA). Briefly, 96-well immunoplates (NUNC, Roskilde, Denmark) were coated with 50 ml/well with the corresponding captured antibody, which binds the neurotrophin of interest, overnight at 41C. The next day serial dilutions of known amounts of NGF and BDNF, ranging from 0 to 500 pg/ml, were performed in duplicate for the standard curve. The plates were then washed three times with wash buffer, and the standard curves and supernatants of brain tissue homogenates were incubated in the coated wells (100 ml each) for 2 h at room temperature with shaking. After additional washes, the antigen was incubated with second specific antibody overnight at 41C (NGF) or for 2 h at room temperature (BDNF), as specified in the protocol. The plates were washed again with wash buffer and then incubated with an anti-IgY horse-radish peroxidase for 1 h at room temperature. After another wash, the plates were incubated with a 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB)/ peroxidase substrate solution for 15 min, and 1 mol/l phosphoric acid (100 ml/well) was added to the wells. The colorimetric reaction product was measured at 450 nm using a microplate reader (Dynatech MR 5000, Denkendorf, Germany). Neurotrophin concentrations were determined from the regression line for the neurotrophin standard (ranging from 7.8 to 500 pg/ml-purified mouse NGF or BDNF), incubated under similar conditions in each assay. For each assay kit, the cross-reactivity with other related neurotrophic factors, for example NGF, NT-3 and NT-4 was less than 3%. Neurotrophin concentration was expressed as ng/g wet weight, and all assays were performed in triplicate.
Statistical analysis
Data were analyzed by analysis of variance (ANOVA) considering music exposure and standard conditions as variables. Body-weight changes during the time of treatment between controls and music-exposed mice were analyzed by ANOVA for repeated measures. Repeated measures were also used in the passive avoidance task to analyze the 10 step-through trials of the acquisition phase. Post-hoc comparisons were performed using the Newman-Keuls's test. P-values r 0.05 were considered statistically significant.
Results
Body weight
Body weight was measured at the beginning and after 6, 14 and 20 days of treatment. ANOVA for repeated measures showed that music exposure did not induce changes in body weight as compared with controls during the time of treatment.
Brain-derived neurotrophic factor brain levels Two-way ANOVA showed a significant effect of music treatment [F(1,54) = 20.02, P < 0.01]. ANOVA also showed a significant brain region Âtreatment interaction [F(2,54) = 19.95, P < 0.01]. As shown in Fig. 1 , post-hoc analysis revealed that mice exposed to music had significantly increased BDNF production in the hippocampus as compared with control mice (P < 0.05). In the frontal cortex and striatum, levels of BDNF were comparable between control and music-exposed mice (Fig. 1) .
Nerve growth factor brain levels Two-way ANOVA did not show a significant effect of music treatment or a significant brain region Â treatment BDNF and NGF levels (ng/g) in the hippocampus, frontal cortex and striatum of music-exposed mice for 21 consecutive days and control mice. Data represent mean ± SEM. Asterisks indicate significant differences between groups (*P < 0.05).
Music treatment and BDNF Angelucci et al. 493 interaction. Figure 1 shows NGF brain levels in the music-exposed and control mice. Music exposure did not induce significant changes in the hippocampus, frontal cortex and striatum.
Passive avoidance task
Overall, the step-through latency increased over successive trials of the acquisition session [repeated measures: F(9,162) = 55.89, P < 0.05]. In the acquisition session, ANOVA showed a significant main effect of music [F(1,18) = 8.83, P < 0.05]. Post-hoc comparisons revealed that the latencies of music-exposed animals were higher when compared with the values of controls (P < 0.05). Statistical analysis also showed an interaction between repeated measures and music [F(9,162) = 3.48, P < 0.05] owing to the differences in step-through response between music-exposed mice and controls (P < 0.05 in post-hoc tests) on the third trial of the acquisition session. Nonparametric analysis confirmed the results by ANOVA. Indeed, at the third trial of the acquisition session, the Mann-Whitney U-test between music-exposed mice and controls showed a significant difference (U = 9; P < 0.02). Figure 2 shows that music-exposed animals required a lower number of trials to reach the learning criterion when compared with controls [F(1,18) = 15.76, P < 0.05], indicating a faster passive avoidance acquisition. Data on the latencies to step-through response, throughout the retest session, showed that musicexposed mice displayed higher latency values compared with controls [F(1,18) = 7.84; P < 0.05].
Discussion
There has been reports that music, used as a therapeutic approach, may have physiological effects in several CNS pathologies. For example, music improves mood state in people affected by psychiatric disorders (Hanser and Thompson, 1994; Talwar et al., 2006) , ameliorates cognitive deficits in people with dementia (Larkin, 2001) , and increases motor coordination in Parkinson patients (Haneishi, 2001; Bernatzky et al., 2004) . These findings suggest that music might have direct actions on CNS neurons. Despite this evidence, the mechanism of action of music in the brain, and in the neurotransmitter systems involved is unknown.
Here we show that music exposure is associated with altered production of the neurotrophin BDNF in the mouse brain. We found that young adult mice exposed to music for 21 consecutive days showed increased BDNF in the hippocampus. This effect was specific, as no changes in BDNF were observed in the striatum and frontal cortex. Moreover, in the same brain regions, the structurally related neurotrophin NGF was not affected by music exposure. Furthermore, we found that music significantly enhanced the behavioral responses in the passive avoidance test.
This is the first evidence that exposure to music can influence BDNF production in the hippocampus of adult mice. High levels of BDNF mRNA are present in the mouse (Castren et al., 1998) and human hippocampus (Webster et al., 2006) , indicating that this brain region is a major site of synthesis of this neurotrophin. BDNF and its receptor TrkB are also coexpressed by neurons in the rat cerebral cortex and hippocampal formation (Kokaia et al., 1993) , suggesting the existence of autocrine/paracrine functional interactions. BDNF is known to be a molecular mediator of synaptic plasticity, which plays an important role in regulating neuronal structure and function in both the developing and adult CNS (Tyler et al., 2002) . In adulthood, BDNF can modulate neuronal synaptic strength and has been implicated in hippocampal mechanisms of learning and memory and spinal mechanisms for pain. Several CNS disorders are associated with a decrease in trophic support. As BDNF and its highaffinity receptor are abundant throughout the whole CNS, and BDNF is a potent neuroprotective agent, this trophic factor represents a good candidate for therapeutic treatment of some of the CNS disorders (Pezet and Malcangio, 2004) .
Our data indicate that some of the beneficial effects of music on CNS might be associated with the effect on BDNF in the hippocampus. The mechanism by which music can alter BDNF production, however, is not clear. It has been demonstrated that, in prenatal life, exposure to music may cause an increase in hippocampal Number of trials to reach criterion during the acquisition session in music-exposed mice and control mice. Data represent mean levels ± SEM. Asterisk indicates significant between-group difference (*P < 0.05).
neurogenesis in rats (Kim et al., 2006) and induce longlasting changes in BDNF/TrkB signaling in the hippocampus and learning performance in mice (Chikahisa et al., 2006) . Although these studies demonstrate an effect of music on the hippocampus and BDNF, they are difficult to interpret because pups are exposed to music throughout the perinatal period and the influence of music on the pregnant mother cannot be excluded.
In adult life, it has been shown that environmental enrichment induces behavioral and BDNF changes within the mouse brain, with the hippocampus as being one of the brain areas most susceptible to the effects of enriched rearing (Zhu et al., 2006) . Functional MRI studies in humans showed that unpleasant (permanently dissonant) music contrasted with pleasant (consonant) music may activate the hippocampus and parahippocampal regions (Koelsch et al., 2006) . These findings suggest that stimulation of the auditory system can affect hippocampal regions. Data collected in rats showed that damage to the vestibular system has a long-term impact on the electrophysiological and neurochemical function of the hippocampus (Smith et al., 2005) . Conversely, neonatal lesions of the ventral hippocampal formation disrupt neuroendocrine responses to auditory stress in the adult rat (Mitchell and Goldman, 2004) . Thus, it can be speculated that an acoustic stimulus, through connections between the thalamic structures of the auditory system and the hippocampus, may stimulate hippocampal neurons, which in turn may augment BDNF production. This hypothesis, however, needs to be explored. Another limitation to our study is that the specific effect of slow rhythm music versus other types of auditory stimuli (noise, hard rock, etc.) was not investigated. In a previous study, it was demonstrated that the toxic effect of amphetamine in mice is potentiated by exposure to loud music (Morton et al., 2001) , suggesting that different types of music may produce different effects from those observed in our study.
Our findings also show that mice exposed to music had better responses in the passive avoidance task, indicating that, under selected circumstances, music can influence neural substrates implicated in learning and memory processes. These data are in line with other human studies, carried out in children, showing a better response in spatial-temporal or verbal tests after music training (Rauscher et al., 1997) . One possibility is that these effects of music may be due to an increased hippocampal neuronal plasticity, an issue known to be regulated by BDNF (Lu, 2004) , and learning and memory tasks (Tyler et al., 2002) .
In conclusion, our data show that music exposure is able to raise BDNF levels in the hippocampus and improve responses in the passive avoidance task in young adult mice. Although preliminary, these results suggest that music might be helpful in CNS pathologies where a reduced trophic support of BDNF might be involved. It is, nevertheless, worth mentioning that, in humans, the music used in this study might have different effects from those observed in animals because definition of pleasant or unpleasant music may ultimately depend on the taste of the listener.
